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Abstract 
Structuring of multilayer stacks with ns-laser pulses is widely used in the industrial production of LEDs. These stacks are built up 
from several different materials each one layered upon each other. In order to thoroughly understand the physics of the 
structuring process a multiphysical simulation model has been developed. This model is capable to handle the beam propagation 
and the energy coupling into the work piece both for transparent and for absorbing materials as well as phase transitions (melting,
solidifying, evaporation, condensation) of multiple different materials within the calculation domain. Furthermore a modified 
volume of fluid approach has been developed to calculate the material and energy flow within both the liquid and vapor phases 
and thus to track the free surface of the material during laser ablation.  
The paper gives an insight into this model illuminating the physical background of the ablation process and shows the excellent
correspondence of the simulations with experimentally obtained results. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH. 
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1. Introduction 
The light-emitting diode (LED) is one of the most energy-efficient and rapidly-developing lighting technologies. 
Today the LEDs have been widely used in many applications including flat-panel displays, consumer electronics 
and televisions, as well as for general illumination purposes. Typical LED devices are singulated from a LED wafer 
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made of gallium nitride (GaN) on a single crystal sapphire (Al2O3). Traditional wafer dicing approaches to 
singulate individual LED dies using diamond saw dicing or mechanical scribing and breaking processes suffer from 
chipping, cracking, and de-lamination along the cut lines, thus reducing the performance of the LEDs [1]. As new 
technologies such as Patterned Sapphire Substrates (PSS) [2], Distributed Bragg Reflector (DBR) [3], and Metal 
Mirror (MM) [4] are now incorporated in many LED productions to improve light extraction, conventional dicing 
methods could further compromise the benefits of PSS, DBR, and MM. Opposite to conventional approaches, the 
laser scribing technology is a non-contact process which produces superior process results with narrow cut widths 
and less chipping and cracking, which greatly improves the process yields and die quality [5]. Recent advancement 
in laser scribing technology also enables precise positioning of laser scribe cuts with highly automated process 
control, thereby increasing the overall process throughput while lowering the manufacturing cost [6]. Thus laser 
scribing has become a key enabling technology in LED industry which provides great advantages of high 
throughput, high process yield, and low cost over conventional die separation methods. 
In order to get a thorough understanding of laser scribing and thus to optimize the machining, it is necessary to 
have a deeper look into the process dynamics. A direct observation of the process by means of online diagnostics is 
difficult due to the small scales and short processing times in the nanosecond range involved. Of course there has 
been a lot of sophisticated work on experimentally observing ablation processes with short pulsed lasers mainly by 
means of analyzing the plasma plume evolution e.g. [7, 8]. I.e. [9] contains a detailed description of typical 
experimental methods. Both observing the plume dynamics and the melt pool dynamics finally leading to the 
processing result is even more difficult if not impossible.  
In contrast, reproducing the process with computational methods seems to be very promising for more exhaustive 
analysis of coupled dynamics of the plume and the melt pool. 
An overview of the models for laser ablation in the literature is presented in [10]. There are numerous numerical 
studies concerning the laser ablation under low pressure [11] as well as under atmospheric pressure conditions e.g. 
[12, 13]. More scarce are models where the distinction between metal vapor and surrounding gas is taken into 
account e.g. [14]. In [15] a mono-dimensional model that distinguishes both vapor phases and incorporates plasma 
formation is described. More complex models are even capable to simulate in detail the dynamics of laser ablation 
phenomena under the nano-scale and pico-second range [16]. To the best of our knowledge, there are no models in 
the present suitable to reproduce the dynamical interactions of the process in a complete multi-scale time and spatial 
range. 
In [18] some preliminary work on laser scribing of silicon wafers has been presented. The model used for this 
work is only capable for dealing with one material thus not suitable for dealing with the more complex wafers used 
in LED production. However most of the models describing the physics during the ablation process can be 
transferred to our new model that is capable of dealing with multiple materials at the same time and that will be 
introduced in the following. 
2. Simulation model 
The simulation model is an add-on to the open source software package OpenFOAM®. This software package is 
mainly purposed for the simulation of fluid dynamical phenomena and is based on the Finite Volume approach to 
solve systems of coupled partial differential equations. To simulate laser material processes like laser ablation and 
scribing many coupled physical effects have to be implemented.  
The propagation of the laser beam to the work piece is implemented using a stationary diffusion problem 
approach based on the so called radiative transfer equation [19]. Absorption and transmission are calculated using 
Beer’s law. For the reflection at the surface Fresnel’s equations are used. Conductive respectively convective heat 
transfer and the fluid flow in the melt and the surrounding medium are implemented in the model. The absorbed 
power is used as source term for the heat equation. Furthermore phase transitions from solid to liquid and from 
liquid to vapor are taken into consideration. The free surface of the material is computed by means of a volume of 
fluid (VOF) approach included in OpenFOAM®. To deal with multiple materials a multiphase solver already 
available is used as a basis. To reduce the calculation effort automatic adaptive time step control and adaptive 
remeshing strategies are incorporated. Furthermore the code is fully parallelized enabling the computation on 
multiple processors. More details on the models used are given in [17] and [18]. 
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The most important innovation with the new solver concerns the handling of the phase transitions within the 
multiphase solver. For each material to be taken into consideration at least three different states are implemented. 
These are the solid, the liquid and the vapor state. Each of these states is handled as a separate phase within the 
solver. If e.g. a phase transition from liquid to vapor thus evaporation takes place, liquid phase is annihilated and 
vapor phase is generated. 
To take the expansion during this phase change into consideration the concept of relative densities was 
developed. Each phase has a certain density at normal conditions that can be calculated or given as value in advance. 
This density is accounted for as the normal density in the following. For evaporation the normal densities of the 
incorporated liquid and vapor phase are different by orders of magnitude. Thus the vapor phase is strongly 
compressed initially and the relative density value, which is the ratio between the actual density and the normal 
density, is consequently very high. Based on the relative density we are able to calculate e.g. the vapor pressure, 
which causes the acceleration and thinning of the vapor and of course the deformation of the melt pool. This is done 
by means of implementing the resulting vapor pressure as a source term in the Navier-Stokes equation to be solved. 
One major benefit of this approach is the implicit handling of compressibility as both densities higher and lower 
than the normal density are allowed.   
For melting, solidifying and condensation this concept is used analogously. Within the calculation the resulting 
relative density field is transported together with the VOF phase field by means of solving a transport equation 
ensuring mass conservation. Furthermore it is used to calculate the local material properties, which are mostly 
implemented as temperature dependent values based on look up tables and interpolation between the given values.   
The amount of material undergoing a phase change is calculated by means of a method developed in [20] in the 
case of melting and solidification. This approach is quite simple to implement, as only the local energy within the 
material is needed to derive the local ratio of liquid and solid material based on the latent heat of melting. 
For evaporation and condensation the Clausius-Clayperon equation is used as explained e.g. in [21]. The 
implementation of this approach within the model turns out to be far more difficult, as one needs to know the local 
surface temperature to calculate the mass flow rate due to evaporation and condensation. Within the calculation it is 
only possible to deal with mean local heat sources calculated within the beam propagation module implemented in 
the model. As these heat sources are volume sources each is smeared over the corresponding cell generating a mean 
temperature within this cell, which may be far lower than the real surface temperature. This is due to the fact that in 
most cases the thickness of such a cell is much bigger than the absorption length of the laser radiation within the 
cell. To estimate the real surface temperature we thus solve for a second temperature equation where we artificially 
increase the absorbed energy by a factor given by the ratio between the cell thickness in the direction of the laser 
beam and the absorption length if this ratio is bigger than one. The resulting temperature is then only used as surface 
temperature within the Clausius-Clayperon equation. This approach takes into consideration that the volume density 
of the absorbed energy is much higher in reality than usually taken for the calculation since the absorption of the 
laser power takes place within the absorption length and not within the thickness of the cell.  
From the physical point of view there are some limitations for this approach. As long as the width of the time 
steps of the calculation is long enough for settling of the temperature gradient within a cell during this time step and 
the condition for heat conduction are the same in both calculations the estimated values of the surface temperature 
should be correct. If we have a very short time step, which is unfortunately the case in the calculations, we will 
underestimate the surface temperature, as it will accumulate with the time. Also with inhomogeneous heat 
conduction conditions at the interface between different materials we may get erroneous results. However this 
approach leads to very reasonable results.   
3. Results 
In principle the development simulation model is capable for dealing with any kind of laser material processing 
that is governed by the physics already implemented. Namely one can simulate 
• laser beam welding 
• laser beam brazing 
• laser beam drilling, ablation and scribing with laser pulses > 1 ns 
• laser beam cutting 
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without modifying the model, only by means of adapting boundary conditions and defining appropriate laser 
parameters. As result of the simulations it is possible to trace the laser induced melt and vapor flow allowing us to 
thoroughly investigate the process dynamics. This again allows the identification of reasons for processing failures 
thus helps to find strategies to avoid them. 
In the following examples of simulation results for laser ablation of gold in bulk and laser beam scribing of multi-
material wafers used in LED production are given.  
3.1. Laser ablation of gold 
To demonstrate the potential of our model concerning the dynamics within both the plume and the melt pool laser 
ablation of gold is analyzed. The used laser parameters are given within the corresponding figures. It should be 
mentioned that both the advancing and the trailing part of the pulse are included in the calculations if the temporal 
pulse profile is Gaussian. Thus the total pulse length taken into consideration is roughly three times the pulse width. 
Furthermore the caustic of the laser beam is respected. If the focus diameter is 1µm and the focal position is 20µm 
this results in a spot diameter of roughly 9µm at the surface of the material considering the given beam quality M2 of 
1.3.  
Fig. 1. Simulation of the temporal development of the metal vapor plume during the laser pulse when ablating gold. 
Figure 1 shows the development of the metal vapor plume and the temperature on the gold surface during a 3ns 
laser pulse. The peak intensity of the pulse is reached at roughly 4.5ns. The vapor plume is displayed as semi 
transparent isosurfaces of the relative gold vapor density. The definition of a relative density is given in section 2.  
Laser parameters: 
Wavelength :   532nm 
Pulse width:   3 ns  
Temporal profile:  Gaussian 
Spatial profile:   Gaussian 
Beam quality M2:  1.3 
Focus diameter:   1 µm 
Focal position:   +20 µm 
Pulse energy:   11 µJ 
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One may also clearly recognize the fast expansion of the plume and the high spatial and temporal temperature 
gradients on the surface. Most interesting is the temperature drop in the middle of the illuminated area that can be 
recognized at 6.1 ns. This effect is caused by the shielding of the surface by still liquid material that is ejected from 
the surface together with the vapor. The surface temperature reaches values of about 5000K, which is well above the 
evaporation temperature of gold at normal condition of 3080K. Consequently the ablation pressure is very high and 
reaches roughly 5GPa.  
More details on the processes within the vapor plume are shown in figure 2. All illustrations within this figure 
show a cut through the calculation domain and the gold surface colored with the elevation of the surface due to the 
movement of the melt. In figure 2a the temperature distribution within the vapor plume is given. It must be 
mentioned that the latent heats for plasma formation and plasma absorption are not implemented within our model 
up to now. Thus the absolute temperature values are surely not correct. However the velocity distribution given in 
figure 2b yields maximum values of about 6km/s at this time, which is in good agreement with experimental values 
found e.g. in [22]. The plume accelerates further with time and reaches velocity values of up to 8 km/s within the 
calculation domain. 
Fig. 2. Cut through the vapor plume at 6.1ns about 1.6ns after the maximum pulse intensity. (a) Temperature; (b) Vapor velocity; (c) Pressure in 
logarithmic scale; (d) Relative density of gold vapor in logarithmic scale; (e) Relative density of the surrounding air.    
Figure 2d and 2e show the relative densities of the gold vapor and the air respectively. The strong expansion of 
the gold vapor results in a region of compressed air running in front of the gold vapor. Due to the higher thermal 
velocity of the air its shock wave travels faster than the shock wave caused by the compressed gold vapor. This 
a
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Laser parameters: 
Wavelength :   532nm 
Pulse width:   3 ns  
Temporal profile:  Gaussian 
Spatial profile:   Gaussian 
Beam quality M2:  1.3 
Focus diameter:   1 µm 
Focal position:   +20 µm 
Pulse energy:   11 µJ 
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causes a slight pressure drop between these two pressure waves that can be seen in figure 2d. Also this effect is in 
good accordance with experimental results for example given in [23]. 
Figure 3 shows the temporal development of the gold surface during the ablation process by means of a top view. 
The colors indicate the elevation respectively depression of the surface due to the ablation process. First signs of 
ablation can be recognized shortly before the maximum pulse intensity. One may also see the slight elevation of the 
outer regions of the illuminated area that is caused by the expansion of the material due to melting. Due to the direct 
ablation pressure the melt gets depressed forming an outer ring of elevated melt. Most interesting is the development 
of a secondary ring of elevated molten material that is generated by the radial vapor flux due to the high pressure 
gradients within the gold vapor already shown in figure 2. This secondary ring travels like a wave towards the 
primary outer ring, which also marks the interface between liquid and solid material. Finally both ring like structures 
coalesce forming a burr. If the kinetic energy of the secondary ring is high enough, the molten material gets ejected 
as spatters and the burr is reduced. 
Additionally a tertiary less pronounced ring structure develops in the center of the ablation zone. This structure is 
caused by the already mentioned shielding effect in the center of the beam that causes a reduced surface temperature 
(see figure 1) and thus a slightly reduced ablation pressure. The tertiary ring is more or less stationary but finally 
forms a slightly elevated structure in the middle of the ablation area. The build up of this structure is caused by the 
pressure drop behind the expanding gold vapor plume, that may even cause a sucking of liquid material into this 
vacuum zone. Similar effects can be seen when analyzing strong, e.g. atomic explosions. It should be mentioned that 
the elevated zone in the center of the ablation zone only forms if there is sufficient melt below the illuminated area. 
Thus the shorter the pulse the less pronounced this structure is.   
Fig. 3. Temporal development of the gold surface during the ablation process. 
3.2. Laser scribing of multi-material wafers 
For the production of LEDs multi-material wafers are used. The layout of these wafers depends on the type of the 
LED as mentioned in the introduction. In our case we deal with a wafer that is built up from sapphire as substrate.  
Laser parameters: 
Wavelength :   532nm 
Pulse width:   3 ns  
Temporal profile:  Gaussian 
Spatial profile:   Gaussian 
Beam quality M2:  1.3 
Focus diameter:   1 µm 
Focal position:   +20 µm 
Pulse energy:   11 µJ 
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Fig. 4. Cross section through the calculation domain showing the initial mesh and the wafer structure. 
Fig. 5. Temporal development of the wafer surface during the initial phase of the ablation process. 
air 
aluminium 
gold 
dielectric mirror layer 
sapphire 
Laser parameters: 
Wavelength :   532nm 
Pulse width:   3 ns  
Temporal profile:  Gaussian 
Spatial profile:   Gaussian 
Beam quality M2:  1.3 
Focus diameter:   1 µm 
Focal position:   +20 µm 
Pulse energy:   11 µJ 
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On top of the substrate there is a dielectric mirror layer followed by an aluminum layer and finally a gold layer as 
it is shown in figure 4. The Figure shows also the initial mesh that is generated by means of a specially designed 
meshing tool. This preprocessor allows for a quite easy mesh generation and for the subsequent adaptive remeshing 
during the course of the calculation. 
Figure 5 shows the temporal development of the wafer surface during the initial phase of the ablation process. 
Comparing these results with those given in figure 3 for the ablation of pure gold, one recognizes that the melt pool 
behavior is a little bit different despite the fact that in both simulations the same laser parameters were used. The 
gold and the aluminum layers melt and the dielectric mirror layer stays solid. Thus there is not enough melt 
underneath the expanding vapor to form the complex ring structure explained in section 3.1. However the secondary 
ring can be seen. Melt within this wave is strongly accelerated by the vapor pressure away from the center towards 
the interface between melt and solid. 
When this wave hits the interface, the wave starts to break like a water wave at the shore. Figure 6 shows this 
process. Due to the high kinetic energy of the molten material and the sudden stop of the radial movement the melt 
detaches from the surface as a ring of molten material that finally separates into single droplets, that can be found as 
spatters on the wafer surface later on. This detachment process, which is crucial for the development of a burr, 
strongly depends on the deceleration of the melt at the interface to the dielectric mirror layer. One has to take 
surface tension effects including the wetting behavior and frictional forces into account. While surface tension 
effects are well described, the physical correct description of the frictional forces is still an open question. Thus in 
this case the burr height is underestimated in the final geometry of the ablation crater, while the width and depth of 
the ablated area are described with an accuracy of 10% compared with the experimental results. 
Fig. 6. Temporal development of the wafer surface during the later phase of the ablation process. 
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Fig. 7. Comparison of simulation with experimental results of laser scribing with two different laser parameters. Simulation results for both cases 
respectively in the upper figure are showing the surface elevation after the processing. Experimental results are obtained by surface scans colored 
by approximately the same color scheme as the simulation results. 
Of course it is not only possible to analyze single pulses with the developed model. Figure 7 shows simulation 
results generated with an earlier version of our model in comparison with experimental results. Although the 
description of the processes within the vapor plume is not as accurate as in the before presented version the 
prediction of ablation results is quite accurate even when applying more than one ablation pass on the same line as 
shown in the upper example in figure 7. The depth and the width of the ablation zone predicted by the simulation 
correlate well with the experimentally obtained. Only the burr height is generally underestimated as already 
mentioned and explained before. 
4. Summary and Outlook 
Building up a model for analyzing dynamics of laser material processing is a challenging task as one has to take 
into account many different physical phenomena that are coupled with each other. Aiming at such a model we built 
up a framework of modules within OpenFOAM® that enables for the simulation of thermal and fluid dynamical 
effects for several laser processes like e.g. laser beam welding, remote cutting or drilling. Within this paper we 
presented some new developments that enable us to simulate even those processes that involve multiple materials. 
Furthermore compressibility is now implemented enabling the prediction of the complex behavior of fast expanding 
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shock waves that occur e.g. during laser ablation and scribing with short pulsed lasers. First results of this new 
model are very promising and even allow for predicting processing results with a high accuracy. 
However there are some urgent tasks for future developments. These include the description of plasma formation 
and shielding, which gets especially important for high fluencies. Furthermore the development of a physical correct 
description of the frictional forces at the interface between melt and solid is important since this is crucial for the 
correct description of the burr development. Also the beam propagation module has to be improved to not only take 
into account absorption and reflection but also refraction e.g. within the plasma plume. The latter effect may cause a 
widening of the laser spot on the work piece surface thus changing simulation results quite dramatically.  
One further important task is to enable the simulation of ablation processes with ultra short pulsed lasers. 
Currently we only deal with conventional physics thus we do not take into account the special physical phenomena 
occurring at these very short time scales far below 1ns.  However based on the theoretical work of other authors it 
should be possible to extend the model in this direction. And of course a lot of simulations under different 
conditions have to be carried out and compared with experimental results to validate the model further on. 
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